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PYROLYSIS-MOLECULAR WEIGHT CHROMATOGRAPHY-VAPOR PHASE
INFRARED SPECTROPHOTOMETRY: AN ON-LINE SYSTEM FOR ANALYSIS OF POLYMERS.
IV. INFLUENCE OF CIS/TRANS RATIO ON THE

THERMAL DEGRADATION OF 1,4-POLYBUTADIENES.

John K. Gillham and Saburo Tamura*
Polymer Materials Program
Department of Chemical Engineering
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Princeton, New Jersey 08540

SYNOPSIS

The influence of the cis/trans ratio of 1,4-polybutadienes on
the volatile products formed during temperature programmed thermal
degradation to 15 percent weight loss has been investigated using a
mass chromatograph (a gas chromatograph which directly provides mass
numbers of resolved components of a mixture) and an “on the fly" vapor
phase infrared spectrophotometer. In order of amounts, major volatile
products were 4-vinyl-l-cyclohexene (dimer), 1,3-butadiene (monomer),
cyclopentene and 1,3-cyclohexadiene., With increasing trans content the
relative quantities of 4-vinyl-l-cyclohexene decreased strongly, cyclo-
pentene increased strongly, 1l,3-butadiene decreased moderately and 1,3-
cyclohexadiene increased moderately. For a high trans polybutadiene,
increasing the heating rate produced relatively more monomer and dimer
but less cyclopentene. Mass chromatograms from 1,4-polybutadienes which
had been heated to 15 percent weight loss in their prehistory were
similar to those obtained from 1,2-polybutadiene indicating that 1,4-
polybutadiene undergoes isomerization prior to degradation. Mechanisms
for the formation of the main volatile products of decomposition are

discussed.

*On leave from the Chemical Research Institute of Non-Aqueous Solutions,
Tohoku University, Sendai, Japan.
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INTRODUCTION

The instrumentation used in the pyrolysis laboratory is discussed
in part I of this series of papers (l1). It includes a programmable
pyrolyzer in series with a thermal conductivity detector and a trap which
permit monitoring of the formation of volatile effluents and their selec-
tive trapping, respectively. The products are released as a slug from
the trap by rapid heating, this process being monitored by the same
thermal conductivity cell. The slug of gases then passes either to a mass
chromatograph, which separates the constituents and provides their mass
numbers by means of a pair of gas density balance detectors, or, to a
conventional gas chromatograph in series with an "on the fly" vapor phase
infrared spectrophotometer, which provides spectra of separated constituents.
Theoretical aspects of the mass chromatograph have been reported elsewhere
(2); earlier papers introduced the pyrolyzer-mass chromatograph technique
(3, 4). Parts II and III of this series dealt with the thermal decompo-
sition of polyolefins (5) and polyolefin sulfones (6), respectively.
Polymethylmethacrylates (7), polytertiarybutylmethacrylates (7) and poly-
styrenes (6, 8), have also been examined.

The present communication deals with the thermal degradation under
programmed heating conditions of 1,4-polybutadienes having different cis/
trans ratios. There appears to be no detailed report in the literature on
this subject. Most of the related studies (9-15) have been concerned with
distinguishing between 1,4- and 1,2-structures using flash heating pyroly-
sis-gas chromatography and/or - mass spectrometry. Braun and Canji (16,17)
have studied polybutadienes containing different amounts of 1,2-structure

by flash heating to 600°C and examining the volatile C1 to C12 products




without identifying their chemical structures. In general, it seems that
the complexity of flash pyrolysis arises from the many fragments which
result in part from reactions of the initial products at high tempera-
ture (9, 14, 17, 18). Advantages of programmed temperature thermal deg-
radation include minimization of this problem and the ability to study
regimes of degradafion, the boundaries of which may be obtained with the
aid of other techniques which include a thermal conductivity probe (TC),
thermogravimetric analysis (TGA) and differential thermal analysis (DTA).
The present report emphasizes thermal degradation in an initial stage

( < 15 percent weight loss), with some results being provided for more
extensive degradation at higher temperatures. Some degradation mechanisms

are also discussed.
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EXPERIMENTAL

Polybutadienes

Table I provides a list of the polymers and characterization data.
Nine of the samples (numbered 1 to 9) were high 1,4-structures with
varying cis/trans ratios. One sample (numbered 10), of 83-90 percent 1,2-
structure with 17-10 percent total 1,4-structure, was included for com-
parison of the degradation of the 1,4-structures with that of a 1,2-

structure.

Pyrolysis

As an example of preliminary procedures, Figure 1 includes comple-
mentary results of thermogravimetric analysis (TGA), differential thermal
analysis (DTA) and the thermal conductivity detector (TC) response for
sample number 9 (87 percent trans) in the course of being heated at <0°C/
minute in an inert atmosphere. Three regions of activity are noted: the
first involves negligible loss of weight from 300° to 400°C but is exo-
thermic; the second involves about 15 percent weight loss by 465°C; the
third involves complete and rapid loss of weight above 465°C. The corres-
ponding DTA curve for sample number 1 (O percent trans) is in-

cluded in Figure 1. TableI includes the temperature, T._, by which

L5

fifteen percent weight loss has occurred for samples under the above con-

ditions.




Details of the nyrolyzer-trap-mass chromatograph and the pyrolyzer-
trap-gas chromatograph-infrared spectrophotometer systems have been pre-
sented (1). Polymer samples (ca. 30 mg) were heated in a stream of
helium at a programmed rate of heating (generally 20°C/minute) from room
temperature to an appropriate upper limit (generally Tls). Volatiles
formed between 300°C and this temperature were selectively trapped. After
release from the trap, separation of the constituents was achieved in the
mass ~hromatograph and in the conventional gas chromatograph using stain-
less steel tubing (15' x 1/8" 0.D.) packed with polycarboranesiloxane (5
percent Dexsil 300) supported on an fnert substrate (60/80 mesh Chromosorb
W). The chromatographic columns were held at 30°C for 5 minutes before
being program heated at 4°C/minute to 300°C and were then held isothermally
at 300°cC.

In addition to providing mass numbers of resolved constituents, the
mass chromatograph could be used to provide estimates of the weight amounts
of each (wi). This could be performed by comparing the areas on the CO2
channel output of the mass chromatograph with those of peaks obtained
under the same chromatographic conditions from a synthetic mixture con-
taining known amounts of n-hydrocarbons. For compounds of the same molec-
ular weight with similar retention times, responses of the gas density
balance detector are directly proportional to their amounts (8). The

relative amount of a component (Pwt)' as a weight percentage of those

measured, was calculated using




Infrared spectra of the more abundant volatile products were ob-
tained immediately after their elution from the conventional gas
chromatograph. Four six-second scans (2.5 pym - 15 um) were computer-

added and averaged (8).

RESULTS AND DISCUSSION

Degradation to 15 Percent Weight Loss

Mass chromatograms of the volatile products from a high cis (sample
1) and from a high trans (sample 9) 1,4-polybutadiene are shown in Fig-
ures 2 and 3, respectively. The numbered peaks designate those for
which mass numbers could be assigned (i.e., Figure 2, 1-11; Figure 3, 1-13).

The same numbers in different chromatograms are considered to be

for the same compound. Table II includes a 1list of the

assigned mass numbers. Mass numbers for a region of peaks designated Cll =

€ (Figure 2, CO

12 channel) could not be estimated with discrimination

&

because of the lack of sensitivity of gas density balances in the vicinity
of the molecular weights of carrier gases (Freon-115, MW = 154.46); the

general assignment C11 - C12 was made on the basis of a comparison with

retention times of n-hydrocarbons. The C12 compounds are presumably

trimers of butadiene. Smaller amounts of higher molecular weight mater-

v € and C on the basis of retention times of

ials are assigned C 20 24

16

n-hydrocarbons (Figure 2, CO, channel, vertical arrows).
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The influence of the cis/trans ratio on the volatile degradation products
formed in the initial region (to 15% weight loss) is apparent in the relative
amounts of peaks 1, 2 and 9 and the presence only in the volatile products
from the high trans-1l,4-polymer of peaks 12 and 13. Other peaks in the
mass chromatograms appeared to be less affected by the cis/trans ratio.

Infrared spectra of some of the main volatile compounds from the
high cis=-1l,4-(peaks 1,2 and 9) and from high trans-1,4-(peaks 1,2,5 and 9)
polymers are shown in Figures 4 and 5, respectively. That for peak 1
matches literature spectra for 1,3-butadiene. Mass numbers, infrared
spectra and retantion times for the compounds represented by peaks 2, 5
and 9 compare well with cyclopentene, 1,3-cyclohexadiene and 4-vinyl-1-
cyclohexene, respectively. Vibration assignments for the main absorption
bands of the infrared spectra of material of peaks 1, 2, 5 and 9 are
tabulated in TableII together with assignments of C-number for these
and other mass chromatographic peaks. The formation of 1,3-butadiene
(monomer) and 4-vinyl-l-cyclohexene (dimer) as degradation products of
poly-1,4-butadienes has been reported (13, 17). The present report of
the formation of cyclopentene and 1,3-cyclohexadiene appears to be new; how-
ever, literature chromatograms of the flash pyrolysis of poly-l,4~butadienes
appear to display peaks due to them (10, 13, 17).

The relative amounts of each of the volatile products which formed
during the first 15 percent weight loss of the nine 1,4-polybutadienes as
determined from the mass chromatograms are provided in Table III. In de-
creasing order of quantity are 4-vinyl-l-cyclohexene (peak 9), 1,3-buta-
diene (peak 1), cyclopentene (peak 2) and 1,3-cyclohexadiene (peak 5).

This order is observed too in the relative intensities of the infrared




spectra (Figures 4 and 5). The amounts of these products are related
to the cis/trans ratios of the polymers in Figure 6. The quantity of
4-vinyl-l-cyclohexene decreases whereas that of cyclopentene increases
with increasing trans content, the sum of the two amounts being approx-
imately constant (Figure 6). The amounts of 1,3-butadiene and 1,3-
cyclohexadiene are unaffected until high trans contents. Small amounts
of C9 hydrocarbons (peaks 12 and 13) ére produced from samples with high
trans contents (samples 6, 7, 8 and 9). The sum of 1,3-butadiene and
the C9 compounds is almost independent of trans content, Amounts of
other products appear to be less affected by the cis/trans ratio.

The above results differ from those obtained on flash pyrolysis (11,
17, 19). 1In the latter, 1,3-butadiene is formed in most abundance and
the ratio of the amounts of 4-vinyl-l-cyclohexene to 1,3-butadiene has been
reported to be thé same for high cis-1,4- and high trans-1,4-polybutadienes.
Analogous results have been presented for the flash-pyrolysis of 1,4-
polyisoprenes from which isoprene and its dimers form (20, 21).

Comparison of the quantities of products formed during 15 percent
weight loss (Figure 6) with the amounts formed during 10 percent weight
loss (Figure 7) shows that relatively more 1,3-butadiene and 4-vinyl-l-
cyclohexene form on initial degradation.

The effect of heating rate on the particular four main products of
degradation formed during 15 percent weight loss is summarized in Figure
8. In this study, all samples were heated to 300°C at 20°C/minute (with
negligible weight loss) prior to collecting volatile products which formed
at higher temperatures at the selected heating rates (2-20°C/minute).

The common prehistory was given in an attempt to minimize differences in chem-

ical structure which are thermally induced in the specimens.




Sample number 9 (87 percent trans) was selected because the particular
four main products had been most clearly displayed in the mass chromato-
gram (Figure 3). The amounts of 1,3-butadiene and 4-vinyl-l-cyclohexene
increased linearly, cyclopentene decreased linearly, whereas 1l,3-cyclo-
hexadiene appeared to be unaffected by heating rate. The sum of the amounts
of 4-vinyl-l-cyclohexene and cyclopentene again appeared to be constant
(cf. Figure 8 with Figures 6 and 7). The increase in amount of monomer
with heating rate is noteworthy; if depolymerization is favored at low
temperatures, as is the case with polystyrene (8), then the reverse is

to be expected. The unusual behavior of 1,4-polybutadienes is probably

a consequence of an isomerization reaction which attempts to form polymer
with 1,2-butadiene residues in competition with volatilization of degra-
dation products (see below). The formation of large amounts of monomer

at higher heating rates is in accord with the results of flash pyrolysis

(1, 17, 19}.

Degradation After 15 Percent Weight Loss

Figure 9 displays the mass chromatogram of the volatile products

formed after 15 percent weight loss on heating high trans-1,4-poly-

butadiene (sample number 9, 87 percent trans) at 20°C/minute to 550°C

in helium. The complexity of it prevented mass numbers being éssigned
other than by comparison with the retention times (Figure 3) of products
formed from the same polybutadiene during decomposition to 15 percent
weight loss. 4-Vinyl-l-cyclohexene (peak 9) and 1,3-cyclohexadiene (peak 5)

are only minor products of further decomposition.
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Figure 10 displays the corresponding pyrogram for high cis-1,4-poly-
butadiene (sample number 1, O percent trans). The similarity to that for
the high trans-1,4-polybutadiene (Figure 9) is striking, the main dif-
ferences being in the relative amounts of the components (e.g., cyclo-
pentene; Figures 9 and 10, peak number 2).

For comparison, the mass chromatogram of 1,2~vinyl-polybutadiene
(Table I, sample number 10) is presented in Figure 1ll1. This reveals
volatile products which formed on heating at 20°C/minute between 300°C
(O percent weight loss) and 550°C in helium. [It is noted that whereas
1,4-polybutadienes underwent 2-step weight loss, 1,2-vinyl-polybutadiene
underwent a single-step loss in weight on programmed temperature heating.]
Similarities between the pyrograms of all the products of pyrolysis for
1,2-vinyl-polybutadiene (Figure 11) and those from pyrolysis above 15
percent weight loss for 1,4-polybutadienes (Figures 9 and 10) are ap-
Parént. The similarity suggests that a considerable part of the 1,4-
structure underwent isomerization to the 1,2-structure in the course of

being heated to 15 percent weight loss.

Mechanisms of Degradation

The DTA experiments show that reactions proceed before the onset of
measured weight loss. Chain scission and competitive crosslinking re-
actions are held responsible for the reported stress relaxation and
higher intermittent moduli which occur in crosslinked cis-1,4-poly-

butadienes at temperatures between 200° and 270°C (22, 23). However,
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the present results do not contribute to an understanding of degradation
prior to loss of weight. Some consideration will be given to the for-
mation of 1,3-butadiene (monomer), cyclopentene, 1,3-cyclohexadiene and
4-vinyl-l-cyclohexene (dimer) which together account for 90 percent of
the measured volatile products of the first 10 percent weight loss and
for 80 percent of the measured volatile products of the first 15 percent
weight loss.

E.S.R. studies have concluded that free radicals form on the irradia-
tion of polybutadienes (24) and polyisoprene (25) with U.V. in vacuum

at very low temperatures; for polybutadiene the following radicals were

suggested:
M o = ". =3 il —’H- = 1
CH2 CH = CH CH2 CH2 (e CH CH2 (major)
I
“CH = CH - CH - CH, " (minor)
II
% CH = CH mnéaz (minor)
111

Sr— |

RT—
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Radical I arises from chain scission 8 to double bonds and is expected to be
the precursor to the major products. Radical II, which arises from the abstrac-
tion of a hydrogen atom by another radical, accounts for crosslinking by coupling
reactions. Radicel III accounts for induced coloration which is noticeable in
the residue after 15 percent loss of weight.

1,2-Vinyl residues can form from radical I by recombination,

- CH = '_.' _.'._ =
v CH2 CH CH Ch2 + N CH2 CH CH CH2

-
<

-
XL

+ " CH, - CH = CH - CH, - CH - CH, "~

: |
CH
I
H
- 2
1,4-residue 1,2-residue

This mechanism accounts for the similarity of the pyrograms of the volatile
products from 1,2-vinyl polybutadiene and of the wvolatile products formed
after 15 percent weight loss from 1,4-pclybutadienes.

Cis/trans isomerization (26-29) can arise from radical I,

cis trans
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However, since the amounts of the individual compounds formed to 15
percent weight loss vary with the cis/trans ratio of the starting 1,4-

polybutadiene, this reaction is limited.

1,3-Butadiene (monpomer) arises from radical I as follows:

- - = - AV} - - - =
NCHZ CH2 CH CH CH2 s CH2 CH2 CH CH CH2

R-scission .
- Y CH2 + CH2 = CH - CH = CH2

1,3-butadiene
On the basis of the amount of 1,3-butadiene formed, the process is not
appreciably affected by the cis/trans ratio.
4-Vinyl-l~cyclohexene arises (19, 30) from radical I by the following

mechanism:

%CHZ = CH2 = CH CH - CH2 = CH2 = Ci = CH - CH2 oy

v - - - - —.H— ==
CH2 CH2 CH CH CH2 CH2 C CH CH2

G,CH = CH,
> mcHi +
S

4-vinyl-l-cyclohexene

This product would be expected to be favored by high cis-1,4-structure,

.

as is indicated by:

H H
yd CH = CH
\\C =C / 2
B > éH +
v CH2 - CH2 /FHZ 2 |\\
'TH - CH2
CH
CH2
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This mechanism is similar to that recognized for the thermal degradation
of 1,4-polyisoprene (20, 21). The experimental results (Figures 6 and 7)
are in accord with the mechanism in that the isomerization of trans -
1,4- to cis-1l,4-structures is necessary for the formation of 4-vinyl-1l-
cyclohexene from trans-1,4-polybutadiene. Since cis/trans isomerization
is limited, the amount of 4-vinyl-l-cyclohexene will decrease with increas-
ing trans content.

The larger guantities of 4-vinyl-l-cyclohexene than butadiene which
form at relatively low temperatures (Table III, Figures 6 and 7) concur
with calculations of activation energies for the analogous formation of
dipentene (42 kcal/mole) and isoprene (52 kcal/mole) from cis-1l,4-poly-
isoprene (30).

Dimers of butadiene can form if monomer is not removed rapidly from

the reaction zone (31-33). These include
CH = CH CH = CH
— 2 D" 2
CH = CH
4 2
4-vinyl-l-cyclohexene trans-1,2-vinyl-cyclobutane

o

1,5-cyclooctadiene

Trans-1,2-vinyl-cyclobutane is usually the main product. Its absence

as a product in the first stage of pyrolysis of 1,4-polybutadienes, and
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the presumed absence of it and of 4-vinyl-l-cyclohexene in spite of the presence
of butadiene in the last stages of pyrolysis indicate that dimerization
of monomer was not significant in the presently reported pyrolysis ex-
periments.

A speculative mechanism for the formation of cyclopentene and 1,3~
cyclohexadiene follows from homolytic scission of the single bond at the

site other than B to a double bond:

This process is energetically more difficult than the formation of
radical I by B-scission to a double bond. However, since increasing
trans-1,4-content decreases the competitive route of radical I to
4-vinyl-l-cyclohexene, products arise via radicals IV and V for high
trans polymers.

Cyclopentene may be formed thus:

~ CH -CH=CH-CH2—-§—caz—CH=CH—c52-c':H

2 2

cyclopentene




1,3-Cyclohexadiene may be formed thus:

Qe

o
S .
n = - - - =
CH2 == CH CH CH2 CH2 CH H > CH2 + [:::]

1,3-cyclohexadiene
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TABLE III.AMOUNT OF VOLATILE DEGRADATION PRODUCTS FROM 1,L-POLYRUTADIENES
(15% WEIGHT LOSS)

SAMPLE AMOUNT OF PRODUCT (WEIGHT %)
PEAK NO.
NO. 3 2 3 N 5 6 il 8 9
3" 32.0 9.8 29.6 31.2 30.0 27.5 26.6 24,6 27T.k
" 3.3 3.2 VAT 9.3 Y88 T T 14,1 3.8
3 2.9 gaaiat g 3 gue e R DY R 2.2 2.0
1.9 .7 EiTV 3 2LE BB 2.3 1.9 2.2
5 ¢ 2.9 2 Fhs e TR U T k.E - h.8
6 3.5 3.3 3.6 2.6 2.6 2.8 3.0 2.8 2.6
T 2.6 2.5 2.8 g.h S5 it iEg - B 2.2 2.5
3.0 4.6 3.8 9.7 - P e S W | 2.3 2.5
" §3.2 46.%5 LU,k LT.0 5.7 42,6 Li1.2 3T.3 33.%
10 4.2 %2 3.k 3.0 Bl RE 8B 2T 2.2
13 1.5 1.6 1.9 1.9 15,6 {8 1.8 trace trace
12 - - - = - G 2.5 L,2 3.9
13 - - - - - 8 Ty S0 BB
a 1,3-Butadiene
b Cyclopentene
c 1,3=Cyclohexadiene
d U4-Vinyl-l-cyclohexene :

{
5
L
?
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

FIGURE CAPTIONS

Thermal history before and during pyrolysis of 1,4-polybutadienes.

Sample No. 9 (87% trans.), =====- Sample No. 1 (0% trans).

Mass chromatogram of the pyrolysis products of high cis-1,4-poly-
butadiene (sample number 1 ; 0% trans) formed during 15 weight
percent degradation; heating rate 20°C/minute. Peak attenuations
for the Freon-115 channel were X64 for peak 1 and X16 thereafter.
That for the CO2 channel was X8 for all peaks. The symbol *
indicates the location at which the polarity of the Freon-115

detector was reversed.

Mass chromatogram of the pyrolysis products of high trans-1,4-
polybutadiene (sample number 9; 87% trans) formed during 15
percent weight degradation; heating rate 20°C/minute. Peak
attenuations for the Freon-115 channel were X64 for peak 1 and
X16 thereafter. That for the CO2 channel was X8 for all peaks.

The symbol * indicates the location at which the polarity of

the Freon-115 detector was reversed.

"On the fly" infrared spectra for peaks 1, 2 and 9 of the

pyrogram (Figure 2) of sample No. 1 (0% trans).




Figure 5. "On the fly" infrared spectra for peasks 1, 2, 5 and 9 of the

pyrogram (Figure 3) of sample No. 9 (87% trans).

Figure 6. Amounts of main products versus trans content at 15 percent weight

loss.
®
¢
@

o

1l,3-butadiene
cyclopentene
1,3-cyclohexadiene

L-vinyl-l-cyclohexene

= =A«e cyclopentene + L-vinyl-l-cyclohexene

Numbers identify samples.

Figure 7. Amounts of mein products versus trans content at 10 percent

weight loss.

00 0%

1,3-butadiene
cyclopentene
1,3-cyclohexadiene

b-vinyl-l-cyclohexene

= o=acyclopentene + b-vinyl-l-cyclohexene

Numbers identify samples.

Figure 8. Effect of heating rate on the amounts of the main products formed

during 15 percent weight loss for sample No. 9 (87% trans).
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Figure 9.

Figure 10.

Figure 11.

Mass chromatogram of the pyrolysis products of high trans-1,4-
polybutadiene (sample number 9; 87% trans) formed during 15
percent to 100 percent weight loss; heating rate 20°C/minute).
Peak attenuations of e Freon-115 channel were X64 for peak 1
and X16 thereafter. That for the CO2 channel was X8 for all
peaks. The symbol * indicates the location at which the polarity
of the Freon-115 detector was reversed. The numbers indicate

retention times of pyrolysis products formed during the first

15 percent weight loss of 1,4-polybutadienes.

Mass chromatogram or the pyrolysis products of high cis-1,4-
polybutadiene (sample number 1; 0% trans) formed during 15 percent
to 100 percent weight loss; heating rate 20°C/minute). Peak
attenuations of the Freon-115 channel were X64 for peak 1 and

X16 thereafter. That of the C02 channel was X8 for all peaks.
The symbol * indicates the location at which the polarity of the
Freon-115 detector was reversed. The numbers indicate the re-

tention times of pyrolysis products formed during the first 15

percent weight loss of 1,4-polybutadienes.

Mass chromatogram o. the pryolysis products of syndiotactic
1,2-polybutadiene (sample number 10; 1,2-structure 83-90%) formed
during 100 percent weight loss; heating rate 20°C/minute. Peak
attenuations for the Freon-115 channel were X64 for peak 1 and
X16 thereafter. That for the CO2 channel was X8 for all peaks.
The symbol + indicates the location at which the polarity of the
Freon-115 detector was reversed. The numbers indicate retention

times of the pyrolysis products which formed during the first

15 percent weight loss of 1,4-polybutadienes.
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